Abstract-This paper deals with the electromagnetic emissions of integrated circuits. In particular, four measurement techniques to evaluate integrated circuit conducted emissions are described in detail and they are employed for the measurement of the power supply conducted emission delivered by a simple integrated circuit composed of six synchronous switching drivers. Experimental results obtained by employing such measurement methods are presented and the influence of each test setup on the measured quantities is discussed.
I. INTRODUCTION

S
EMICONDUCTOR technology advances have raised the concerns about the role of modern integrated circuits (ICs) in EMC problems at electronic system level. Recent digital ICs like microprocessors and DSPs include an increasing number of elementary logic gates which absorb/drive pulsed currents driving electromagnetic emissions (EMEs). Steep currents, which core and input/output (IO) circuits demand during switching operations, flow through package lead frame, bonding wires and conductors integrated at die level and EMEs are delivered. Electromagnetic fields directly radiated by package frame and circuits routed at silicon level are referred as IC radiated emissions. Furthermore, pulsed currents conducted off chip by the IC pins feeding printed circuit board (PCB) traces and cables, which act as emitting antennas, are referred as IC conducted emissions.
The interest in evaluating both IC conducted and radiated emissions has grown in recent years since the reduction of the EME at IC level brings to a mitigation of system level emissions making needless expensive filtering and shielding components. In order to characterize ICs in terms of both radiated and conducted EME several measurement methods have been developed until now, some of them are international standards [1] while others are up on the way of standardization [2] . This paper focuses on the measurement methods employed in evaluating IC EMEs. In particular, four different techniques to estimate IC power supply conducted emissions are critically assessed and results of measurements carried out on a device under test (DUT) are compared each others in order to point out limitations and weaknesses of such methods. The 1-Method, the Direct Method, the Magnetic Probe Method, and the TEM cell con- ducted emission method are the measurement techniques whose effectiveness is here discussed. The 1-Method is described in the chapter 4 of the document [2] . Such a document is composed of two sections: the first one presents the 1-Method that makes possible the measurement of IC power supply conducted emissions, the second one is the 150-Method, which addresses the measurement of voltage spectrum of output drivers usually connected to long PCB traces or long cables. The Direct Method is the non standardized but widely employed technique to evaluate IC conducted emissions by inserting a low inductive 1-resistor in the IC ground net and then, measuring its voltage drop by employing an oscilloscope. The Magnetic Probe Method is described in the chapter 6 of the document [2] , which specifies a procedure for the measurement of current flowing in package pins by means of a wide bandwidth magnetic field probe [3] . The third technique to estimate IC conducted emission is the TEM cell conducted emission method, which has been recently proposed by our research group [4] . It makes possible the measurement of single pin conducted emissions by using the same TEM cell employed in the measurement of IC direct radiation ( [1] , [2, chapter 2] ).
The paper has the following structure : in Section II, the main sources of IC conducted emissions are depicted. In Section III, the measurement techniques previously mentioned, their measurement philosophy and implementation are presented. In Section IV, experimental results obtained by employing these different techniques on a DUT are discussed. Finally, conclusions are drawn.
II. PRIMARY ELECTROMAGNETIC EMISSION SOURCES
Radio frequency (RF) currents generated inside ICs are routed out via package lead-frame and drive PCB traces, which behave as unintentional radiators. A suitable quantity to evaluate the EME radiated by such emitting structures is the total radiated power [5] which can be expressed in terms of (1) where is the radiation resistance of the unintentional radiator and is the RF current induced by IC operation. As a consequence, the measurement methods adopted for the evaluation of IC conducted emission require the measurement of wideband RF currents ( ). In actual digital ICs, such RF currents are represented by pulsed currents absorbed by core circuits and by output driver circuits. This distinction is clarified in Fig. 1 where the top view of a digital IC is shown. In particular, an output driver connected to a load is considered as representative of IO circuits while the core circuits are symbolized by a current source . In the same figure, is the current due to output driver cross conduction, is the current delivered from the output driver to the load during the low to high output voltage transition and is the current flowing into the output driver pin during the high to low output voltage switching.
As far as the power supply pulsed currents absorbed by a digital IC ( and in Fig. 1 ) is concerned, it can be noted that most of these currents are provided by the bypass capacitors ( ) while the rest are absorbed from the PCB power supply net (current in Fig. 1 ). The magnitude of currents is directly related to bypass capacitor parasitic elements like the equivalent series inductance and resistance, and also it depends on the position of bypass capacitors in the PCB with respect to the IC location. For these reasons the measurement methods described in what follows consider bypass capacitors as part of the DUT and specify their placement in detail.
The aim of the measurement methods presented in the following section is the evaluation of currents like , , and , since they characterize IC EMEs.
III. IC CONDUCTED EMISSION MEASUREMENT METHODS
This section presents some techniques for the measurement of IC power supply conducted emissions. In particular, the 1-method, the direct method, the magnetic probe method and the TEM cell conducted emission method are described.
A. 1-Method
The 1-method requires the spectral measurement of all ground currents (like in Fig. 1 ) flowing in PCB power supply network. To this purpose, all IC ground pins are connected together by a low impedance metal interconnection (denoted as IC-GND in what follows) and the sum of all currents pushed by IC output drivers or flowing in PCB power supply networks is collected in a 1-resistive current probe. The spectral measurement of the voltage drop across such a resistor qualify the DUT in terms of conducted EME, because the current flowing in the 1-current probe includes currents which derive from core circuit power supply pulsed current ( in Fig. 1 ), output driver cross conduction current ( ) and currents of output drivers ( and ). The test setup employed to perform such a measurement is shown in Fig. 2 . In particular, one terminal of the 1-resistor of the current probe is connected to the IC-GND and the other terminal is connected to the test board ground net (named Peripheral ground and indicated as Per-GND in what follows). In the same figure, it can be noted that only some output driver loads are connected to the IC-GND via the 1-current probe (see current ) whereas other output driver loads are directly tied to the IC-GND (see current ) because only the current contribution of output drivers feeding long PCB traces or long wire has to be included.
The measurement of the voltage drop across the 1-resistor is performed by a spectrum analyzer connected as shown in Fig. 2 while a schematic description of the 1-current probe is shown in Fig. 2(b) . It consists of a 50-coaxial cable which is matched at one end by the input impedance of the spectrum analyzer and at the other end by resistance. Furthermore, the spectrum analyzer is protected against dc current by the decoupling capacitor . If the measuring branch is perfectly matched and ideal passive components are assumed, then the relationship between the voltage spectrum measured by the spectrum analyzer ( ) and the current which flows in the current probe is given by (2) where , and . In practice, passive components of the current probe are affected by fabrication tolerances and parasitic elements and this is the reason why the document [2] describes the main features of the current probe and its calibration procedure. In particular, an insertion loss of and an output impedance is required. The insertion loss and the output impedance of the 1-current probe that we designed and fabricated are reported in Figs. 3 and 4 , respectively. These graphs are derived from experimental results obtained by the characterization of the 1-current probe in terms of scattering parameters. Using these experimental data, the actual relationship between the voltage spectrum measured by the spectrum analyzer ( ) and the current can be written as
where , are scattering parameters of the two-port probe. The calibration coefficient of our 1-current probe is plotted in Fig. 5 .
B. Direct Method
Although the 1-method requires the use of the 1-current probe as previously mentioned, most of EMC engineers evaluate IC conducted emissions connecting IC-GND and Per-GND by a low inductive 1-resistor and measuring by a wideband oscilloscope and a passive voltage probe the voltage across this resistance. In particular, the voltage drop across the 1-resistor is picked up by placing the voltage probe tip and the ground lead at the two terminals of the resistor as shown in in Fig. 6 , then the current spectrum is derived performing the Fast Fourier Transform (FFT) of the measured voltage. In this work, such a measurement technique is considered and employed to characterize the power supply conducted emission of an IC. Experimental results are compared with those obtained by the other methods.
C. Magnetic Probe Method
This technique requires the measurement of the current flowing in the PCB traces connected to the IC under test by using a specific magnetic field probe ([2, chapter 6]). The RF current flowing through a PCB trace generates a magnetic field which can be picked up by a magnetic field probe placed as close as possible to the trace. According to the Faraday's law, the voltage induced at the probe output port is proportional to the magnetic field hence to the RF current flowing in the PCB trace. The magnetic field probe is a compact square loop shaped, stripline probe that achieves the spatial resolution needed to characterize a single pin conducted emission [3] . In practice, the overall structure composed by the magnetic probe and the PCB trace, behaves like an RF transformer. The primary winding of this RF transformer is the loop composed of a microstrip line driven by an IC port (a power supply pin or an output driver) and loaded by a filtering capacitor or a matching network, depending if a power supply or a signal line is considered. The secondary winding is the loop of the magnetic field probe. A schematic circuit of the test setup is shown in Fig. 7(a) . The magnitude of the current spectrum flowing in the primary winding is derived from the measurement of the voltage at the output port of the secondary winding, loaded by the input impedance of the spectrum analyzer. In practice, the magnetic probe output signal is measured by the cascade of a wide bandwidth low noise amplifier and a spectrum analyzer. The relationship between the RF current and the voltage measured by the spectrum analyzer is derived observing that the Ampere's law relates the current flowing in the primary winding with the -component of the magnetic field as (4) where is given by (5) where is the distance between the PCB trace and the center of the loop probe and is the thickness of the PCB dielectric substrate [see Fig. 7(b) ]. The expression (4) includes only the -component of the magnetic field because the magnetic probe placed on the PCB trace [ Fig. 7(b) ] is sensitive only to this component.
The relationship between the voltage measured by the spectrum analyzer and the -component of the magnetic field is given by (6) where is the calibration factor of the magnetic loop probe. Referring to the guidelines reported in the [2, chapter 6], a magnetic field probe has been designed and fabricated. It has been characterized following the requirements reported in the document [2] , obtaining the calibration factor reported in Fig. 8 .
D. TEM Cell Conducted Emission Method
The TEM cell is coaxial transmission line with an internal wide flat conductor and an outer rectangular shaped shield (see cross sections in Fig. 9 ). It presents two tapered sections to make possible the connection to standard coaxial connectors and a uniform section where a test board can be accommodated in the aperture in the upper wall of the cell [6] . The TEM cell has been widely employed in EMC for the measurement of IC direct radiated EMEs (see [1] , [2, chapter 2] ). Recently, we have shown that the TEM cell can be successfully employed for the measurement of the IC conducted emission [4] .
A schematic description of the TEM cell conducted emission test setup is reported in Fig. 9 . A microstrip line of length , width and characteristic impedance is designed on one side of the test board which has to be mounted on the previously mentioned aperture of the cell, while ancillary circuits are on the opposite side of the same test board. In particular, the port 1 of the microstrip line is driven by the current source (the DUT), the port 2 is loaded by the impedance while the TEM cell ports 3 and 4 are loaded by a impedance, i.e., the input impedance of the instrumentation measurements.
If the TEM cell is operated below the cutoff frequency of the first upper propagation mode, only the TEM mode is excited and the total power delivered to the cell terminations is proportional to the square magnitude of the current feeding the microstrip line. As a consequence, the spectrum of such a current can be derived from the power spectra measured at the TEM cell terminations [4] .
The relationship between the overall power collected to the TEM cell termination and the current feeding the port 1 is given by (7) where is the overall power radiated into the TEM cell and is the radiation resistance of the microstrip line inserted into the TEM cell. The total power is experimentally evaluated as the sum of the power delivered at ports 3 and 4, while is computed on the basis of the TEM cell and microstrip line geometry or it can be derived from calibration measurements [4] .
The test setup employed in this work includes a TEM cell of characteristic impedance of 50 and upper frequency limit of 1 GHz. The transmission line within the TEM cell has length , width , height and characteristic impedance . The radiation resistance of such a transmission line within the cell is reported in Fig. 10 . It has been obtained by experimental tests.
IV. MEASUREMENT RESULTS
The measurement methods presented as above have been employed to evaluate the power supply conducted emission generated by six synchronous switching drivers of the integrated circuit 74HC04 [7] . A three-layer test board common to all these methods has been designed and fabricated (see the schematic view in Fig. 11) .
The test board has dimensions suitable to be accommodated in the upper aperture of a 1-GHz TEM cell (100 mm square board) and it has been made by using a substrate with dielectric constant and thickness . Traces routed in the first layer (layer 1 in Fig. 11 ) make possible DUT operations, the second layer represents the ground system at board level (Per-GND) and the third layer contains a microstrip line which has characteristic impedance of 50 , width and length . The microstrip line is needed to apply the TEM cell conducted emission technique and the magnetic probe method as described in Section III. Furthermore, to perform such methods the Per-GND and IC-GND have to be short circuited (points A and B in Fig. 11) .
One end of the microstrip line is connected to the port 1, i.e., to the DUT power supply pins, while the other one to the port 2 hence, to a power supply. A bypass capacitor is placed close to the DUT power supply pin and a filtering capacitor ( ) is connected in parallel to the power supply close to the port 2. The input of the six drivers within the DUT are connected together and they are driven by a 1-MHz square waveform signal source [8] , with mean value of 2.5 V, amplitude of 5 V and duty-cycle of 50%. The output port of each inverter is loaded by a capacitor of . The IC power supply steep current induced by the switching output drivers is partially provided by the bypass capacitor and the rest ( ) is delivered from the power supply. The current has been measured by the four methods presented in Section III.
The test board, a low noise wide band amplifier [9] and a spectrum analyzer [10] have been employed to perform the measurement of the power supply pulsed current induced by the 74HC04 integrated circuit operation.
The envelopes of the power supply current spectra estimated by using the measurement methods previously analyzed are shown in Fig. 12 . In particular, dash-dotted line is derived from measurements with the TEM cell conducted emission method, short-dashed line represents the current spectrum obtained performing the magnetic probe technique, continuous line is derived from measurements with the 1-current probe and wide-dashed line is obtained by performing the direct method. Despite the measurement methods can be employed in the frequency range up to 1 GHz, the maximum frequency shown in Fig. 12 is 450 MHz, since over such a frequency power supply current is too low to be measured.
Curves obtained by employing the TEM cell conducted emission technique and the magnetic probe method are within 2 dB. On the other hand, such power supply current spectra differ from that obtained by performing the 1-method of about 10 dB.
The differences between the current spectrum envelopes obtained by the magnetic probe (or the TEM cell) and that obtained by the 1-method can be explained considering that the magnitude of the current effectively measured by the 1-probe depends on the interaction between the 1-input impedance (inductive) and the parasitic impedance (capacitive) in the test board that exists between the IC-GND and the Per-GND. These effects cannot be taken into account by using the calibration procedure described in Section III.
The comparison between the current spectrum obtained by employing the direct method and those evaluated by performing the other techniques is also reported in Fig. 12 . The power supply current spectrum evaluated by carrying out the direct method has been obtained by employing a 500 MHz digital oscilloscope [11] and a 500 MHz passive oscilloscope voltage probe [12] . Then, the current spectrum has been obtained by transferring the data of the captured voltage waveform to a personal computer and performing a 25 000 points FFT on 10 periods of the captured waveform. The measured current spectrum shows agreement with those obtained carrying out the others techniques up to about 80 MHz. On the other hand, in the upper frequency range the current spectra are heavily discordant. In particular, by employing the test setup in Fig. 6 the voltage probe tip and the ground lead form a loop which acts as a receiving antenna capturing the environmental EM noise which is added to the signal to be measured. This lead to the differences in the current evaluated by the direct method because of the oscilloscope acquisition technique of the voltage waveform. In particular, the digital oscilloscope samples the time-domain waveform and uses an analog-to-digital (ADC) converter to convert the measured voltage into digital information, then, uses this digital information to reconstruct the waveform. The signal-to-noise ratio (SNR) depends on the ADC resolution and on the uncertainties introduced by the oscilloscope building blocks that precede the ADC converter. For uncorrelated noise, the SNR can be improved by averaging the signal waveforms acquired by the oscilloscope. The voltage waveform captured by the oscilloscope in evaluation of the power supply current by using the direct method has been averaged by means of a simple average on 32 acquired waveforms. However, the correlated noise captured by the voltage probe setup cannot be reduced causing the noisy current spectrum in the upper frequency range.
Furthermore, the differences in the current evaluated by the direct method are due to the unintentional interaction between the probe and the oscilloscope with the circuit under test. The equivalent circuit of the voltage probe and the digital oscilloscope seen from the points A and B of the test board (Fig. 11) can affect the circuit under test inducing modifications in the current to be measured.
V. CONCLUSION
In this paper, the power supply conducted emissions of an IC have been evaluated by four different measurement techniques. In particular, the magnetic probe method, the 1-method, the use of the TEM cell to measure IC conducted emissions and the widely diffuse direct method have been considered. Experimental results obtained by performing such methods on a DUT have shown good agreement between the magnetic probe method and the TEM cell conducted emission method. On the other hand, disagreement are evident comparing the power supply current obtained by employing the 1-method and that measured by the magnetic probe or the TEM cell. The differences between the two currents are due to the test board capacitance impedance seen from the current probe connector mounted onto the board. The power supply current evaluated by the direct method shows large disagreement with the current measured by employing the other techniques since the parasitic elements due to the test setup modify the current to be measured.
